Introduction

NASA's second Pacific Exploratory Mission in the Tropics (PEM-T-B) was conducted over the tropical Pacific Basin during February through
The kinematic method uses the three dimensional wind components (u, v, and w) to track air parcels without employing the isentropic assumption. Further details about the model, including a comparison between kinematic and isentropic trajectories, are given by Fuelberg et al. [1996 Fuelberg et al. [ , 1999 Fuelberg et al. [ , 2000 . Trajectories were checked against a topographic field obtained from the United States Geological Society. Any parcel intersecting either the surface or the 1000 hPa level was terminated at that point.
Trajectories are subject to various limitations, some of which are discussed by Stahl et al. [1995] , Stahl [1998] , and Daty and Perkey [1993] . The Pacific Basin is a relatively data sparse region. Thus meteorological features may be depicted less accurately than in more data-rich regions. In addition, the horizontal and temporal resolution of the ECMWF data means that small-scale phenomena will not be resolved. Arrival locations for the backward trajectories were selected along the 18 DC-8 flight tracks at 5-min intervals of flight time.
At an average aircraft speed of 400 kt (206 m s-•), the 5-min interval corresponds to a horizontal separation of-62 km. To account for potentially mispositioned meteorological features in the ECMWF data, as well as uncertainties due to horizontal and vertical wind shear, a clustering technique was employed [e.g., Merrill et al., 1985; Kahl, 1993] . Specifically, a diamond of four additional trajectory points was superimposed on the original 5-min points along the flight track, with each point of the diamond spaced 2 ø latitude/longitude from the center point. This set of five points also was placed 25 hPa above and 25 hPa below flight level. Thus a cluster of 15 points was created for each original point along the flight track. Trajectories were calculated at 1820 cluster locations along the 18 DC-8 flight tracks during PEM-T-B, giving a total of 27,300 trajectories (1820 x 15). The trajectories arrived at the DC-8 at either 0000, 0600, 1200, or 1800 UTC, whichever was closest to the particular flight time.
Trajectory Cluster Selection
Trajectory clusters were subjected to three tests to determine whether they could be used with confidence to determine origins of the various chemical samples. The first test considered the effects of horizontal and vertical wind shear. To pass this test, at least ten of the fifteen trajectories in an individual cluster had to exhibit a consistent geographical origin during the preceding ten days. Our five major origin regions are defined later in this section. A cluster was excluded from further consideration if its trajectories did not have a common origin.
The second test checked for major diabatic processes in order to distinguish between two categories of trajectories: convective and nonconvective. To be included in the nonconvective category, at least 10 of the 15 trajectories in a cluster that passed the common origin test could not experience a change of potential temperature (theta) greater than 6øC during any 24 hour period. Conversely, to be included in the convective category, at least 10 of the 15 trajectories must have experienced greater than a 12øC change in theta within a 24-hour period. As a check of this procedure, the trajectories having theta changes greater than 12øC also were required to pass through satellite-observed convection on the day of the large diabatic change. This was determined by visual inspection of the satellite imagery. Other diabatic thresholds were investigated. For example, values smaller than 12øC per day did not exclude many of the trajectories not passing through satelliteobserved convection. Conversely, thresholds greater than 12øC reduced the sample size without providing improved agreement with the satellite imagery. Since our goal was to have a clear distinction between convectively influenced trajectory clusters and their nonconvectively influenced counterparts, trajectory clusters with maximum 24-hour theta changes between 6øC and 12øC were excluded from further study.
For the final test, trajectory clusters were examined to ensure that they did not leave the computational domain before 5 days had elapsed. Those clusters that exited the domain between days 5 and 10 remained in the data set only if their geographical origin was obvious at that time.
Our final data set consisted of all trajectory clusters that passed each of the three tests described above. Thus each cluster of the set had at least 10 of 15 trajectories passing both the common origin and theta tests, and remaining within the computational domain for at least 5 days. Of the original 1820 clusters, only 263 passed the three tests, with 166 of them in the nonconvective category and 97 in the convective category. Although this testing procedure greatly reduced our sample size, we believe that the remaining trajectory clusters can be used with confidence to determine the likely origins of air parcels measured by the DC-8. We employed a merged chemical data set to link our trajectories to the chemical tracer measurements. This merged data set was prepared at Harvard University from data submitted to the GTE archive by the various DC-8 investigators. These data are available through NASA's GTE web site (http://wwwgte.larc.nasa.gov). Raper et al. [this issue] discuss the various chemical species measured by the investigators, including the techniques used to make the measurements, the temporal resolution of the measurements, and the level of detection (LOD) for each instrument. The merged data set was a simple 5-min average of the chemical measurements that was centered on the arrival locations (i.e., times) of our trajectories. If a measurement had been flagged in the original data set as being below the LOD, the LOD value was substituted in its place. In the tables of chemical concentrations that follow, LOD values are given in parentheses to identify their contributions to the analyses. As a result of these procedures, each 5-min chemical measurement is associated with a 10-day backward trajectory cluster.
It is important to verify whether our subset of 263 chemical measurements (and corresponding trajectory clusters) is representative of the complete DC-8 data set. Table 1 Tropics B a   800-1000  hPa  500-800  hPa  300-500 hPa  <300 hPa   Species  DC-8  Trj  DC-8  Trj  DC-8  Trj  DC-8  Trj   n  308  48  405  83  515  36  566  96   03  14  14  23  24  27  *  17  25  20   CO  53  45  51  48  55  49  50  48   C2H 6  272  232  275  260  318  *  263  268  254  C2H 2  17  13  17  17 Table 1 indicates that many of our chemical measurements (96 out of 263) were taken in the upper troposphere, with the 500-800 hPa layer being the second most abundant group. Values for some species of our subset between 300 and 500 hPa are somewhat smaller than those of the complete data set, and some are significantly different at the 95% level. This probably is due to the relatively small number of samples that passed the quality controls in this altitude group (36 out of 515). Nonetheless, there generally is good agreement between median values of our subsets and those of the complete DC-8 set. Thus we believe that our subsets generally are representative of the PEM-T-B measurements.
Median Concentrations of Chemical Species Observed During PEM-
Various atmospheric chemical species can be used to infer the origins of air samples and the influences of convection and mixing. Such inferences generally are not straightforward because parcels may have several origins and species may have been mixed or processed photochemically at various times between emission and sampling. Chemical characteristics of species that we used for this purpose are described below. This section is excerpted from a more detailed discussion in a previous paper by our group [Board et al., 1999] .
Ozone (03) is an important species for identifying the source of an air mass. Concentrations typically are greatest in stratospherically influenced air (>100 ppbv) and in plumes originating from land sources (70-100 ppbv), but are relatively small in clean air, especially in the tropical MBL (<10 ppbv) Talbot et al., , 1996a Beryllium 7 (7Be) is produced in the upper troposphere and stratosphere by cosmic rays and then absorbed on particles. Beryllium 7 can help identify parcels influenced by convection and particle scavenging processes, and it has been used as a tracer for stratospheric air in the troposphere [Bhandari et al., 1966; Elbern et al., 1997; Dibb et al., 1996 Dibb et al., , 1997 . Beryllium 7 is depleted from the air by particle removal processes (e.g., sedimentation and precipitation) that occur mostly in the lower troposphere. Large concentrations indicate air that has been in the upper troposphere for a long period of time and has been free of particle removal processes. Beryllium 7 is expected to be depleted in convective outflow of low altitude air that has undergone particle scavenging. Values of the first and third quartiles (Table 3 ) provide information about the distributions of individual chemical spe- Table 5 show that the air is cleaner than the Aged Marine NH category as a whole. Some examples include O3 (11 ppbv from the east versus 26 ppbv for the complete group), C2H 6 (493 pptv versus 597 pptv), C2H2 (41 pptv versus Figure 3a) . This scenario contrasts with the straight paths and generally lower and more constant altitudes followed by trajectories arriving directly from the east. Table 5 compares median values of the eastward and westward traveling trajectory groups. There is considerable contrast between values of most species, with parcels coming from the west usually exhibiting the greatest values. Some examples include 03 (43 ppbv from the west versus 11 ppbv from the east), CO (87 ppbv versus 71 ppbv), C2H 6 (740 pptv versus 493 pptv), PAN (18.1 pptv versus 1 pptv), and 5;NOi (115 pptv versus 54 pptv). Each of these differences between the eastward and westward moving groups is significant at the 95% level. Table 5 In summary, the current data suggest that the "aged marine" trajectories from the west maintain their pollution signature long after departing their emission regions. Thus it is important to know whether aged marine air has traveled from the east or the west, and the length of time since the emissions were injected. trajectories (Table 7) with data for the Marine SH category (Table 3) Median mixing ratios (Table 7) of 03 (99 ppbv), HNO 3 (180 pptv), and 5;NOi (417 pptv) are significantly greater (95% level) than those of the composite Long-Range NH category. These enhancements support the stratospheric influence that is suggested by the trajectories. Very small values for marine tracers (e.g., CH3I , 0.05 pptv) indicate that this air has not been influenced recently by surface air.
Aged Marine•Southern Hemisphere (SH)
A
Long-Range NH
The stratospherically influenced parcels may have experienced an additional influence. Specifically, one should note that values of CO, C2H6, and C2H 2 for the stratospherically influenced subcategory (Table 7) are similar to those of the Aged Marine NH-East subcategory (Table 5 ). In addition, the trajectories in Figures 3a and 7a was transported eastward. Traveling in the dry upper troposphere, it might have experienced photochemical ozone production (e.g., median 03 of 99 ppbv in Table 7 ). Thus the parcels comprising this Long-Range NH subcategory may have been influenced by both long-range pollution sources and more recent stratospheric mixing.
Mixed Origin
The 13 trajectories that do not have either an obvious southern hemispheric origin or stratospheric influence are plotted in CO values for this subcategory generally are greater than those of the southern hemispheric and stratospheric subcategories (Figure 6 ), while 03 values are intermediate. Table 7 indicates that combustion products such as CO (77 ppbv), C2H 6 (657 pptv), and C2H 2 (89 pptv) are enhanced compared to the other subcategories (56 ppbv, 328 pptv, and 25 pptv, respectively, for the southern hemispheric air; and 66 ppbv, 465 pptv, and 41 pptv, respectively, for the stratospherically influenced air). These enhancements are significantly different at the 95% confidence level. The value of C2C14 (2.77 pptv) suggests that the pollution has an urban origin from Asia.
It is important to note that many of the 10-day trajectory origins and paths in Figure 8a Median values of chemical mixing ratios (Table 8) The upper level category (Table 9) is somewhat more polluted than its lower-level counterpart (Table 8) Figure 11b) show that the parcels remain in the lower troposphere during their 10-day histories (Table 2) . Parcels comprising this category exhibit a strong pollution signature (Table 10) These results indicate that westward transport from northern South America and Central America was an important mechanism for polluting the eastern Pacific region during 
PEM-T-B.
Conversely, previous sections showed that parcels arriving from the west (easterly transport) did not exhibit a significant pollution signature.
Convective Category
The Convective category consists of 97 trajectory clusters from 11 DC-8 flights (Figure 12a ). Trajectories in each cluster experienced a large diabatic change (> 12øC) during a 24-hour period prior to arriving at the DC-8. In addition, they passed through broad, persistent regions of satellite-observed convection, usually associated with the ITCZ or the SPCZ. Since only a few trajectories travel over land, the category mainly represents marine convection. The daily satellite imagery, altitude versus time plots (Figure 12b) , and diabatic changes (not shown) suggest that the parcels are affected by convection an average of 3 days prior to arriving at the DC-8 flight track. However, individual trajectories are convectively processed anywhere from 1-8 days beforehand. The trajectories originate closer to the equator (8.0øS, Table 2 ) than those of any other category, and they arrive at the DC-8 closer to the equator (11.6øS) than every category except the South America--Caribbean category.
The convectively influenced trajectories originate at low altitudes (median of 832 hPa) but ascend quickly, arriving at a median height of 267 hPa (Table 2 and Figure 12b ). This scenario contrasts with the various nonconvective categories (described earlier), whose trajectories exhibit relatively little vertical displacement during the 10-day period. It is important to reemphasize that trajectories based on the ECMWF-derived flow may be very different from trajectories in the true atmosphere, especially in the convective category (Figure 12) . At any one time, some parcels may ascend much more rapidly in convective updrafts than indicated by the relatively coarse EC-MWF data. Conversely, other parcels may experience convective descent. These variations in altitude also impact the horizontal component of the trajectories due to vertical wind shear. As a result of these processes, the convective category will contain a wide spectrum of chemical ages since leaving the boundary layer. Since most of the convectively influenced trajectories remain over the South Pacific Ocean (Figure 12a) , it is appropriate to compare their chemical characteristics (Table 11 ) with those of We investigated the sensitivity of the medians in Table 11 to varying the convective threshold. For example, when the diabatic change threshold was changed from > 12øC to > 13øC, the sample size was reduced from 97 clusters to 75. However, values of almost all the species in Table 11 varied by less than 1 ppbv (CO and 03) or less than 1 pptv (other species). These results indicate that the convective signature is rather insensitive to at least small changes in the diabatic threshold selected.
Various tracers confirm that parcels comprising the Convective category are influenced by the removal of soluble gas and particle species due to precipitation associated with the convection. For example, the median mixing ratio of HNO3, a soluble tracer, is depleted in the Convective category (30 pptv, Table 11 ) compared to the Aged Marine category (53 pptv, Table 3 ). Beryllium 7 (259 fCi/scm) also is much smaller than in the nonconvective southern hemispheric marine air (417 fCi/scm) due to removal by the convection. The median mixing ratio of CH3I (0.14 pptv) in the Convective category is somewhat smaller than for aged marine air (0.17 pptv). Since CH3I has a typical lifetime of -4 days and our trajectories are approximately 3 days removed from convection, it is unlikely that CH3I has been significantly processed photochemically. Nonetheless, this mixing ratio is greater than the background value measured by the DC-8 above 300 hPa (0.08 pptv, Table 1). CH3OOH (127 pptv in the Convective category) is not subject to precipitation scavenging, but does have a short photochemical lifetime (-1-2 days). Thus its depleted value compared to aged marine air (331 pptv) is indicative of rapid decay from photochemical processing. H202 has a median mixing ratio of 193 pptv, compared to 486 pptv for Aged Marine SH air. Unlike CH3OOH, H202 is soluble and subject to scavenging in convection and moist clouds [Cohan et al., 1999] . However, H202 has a longer lifetime (-3-5 days) than CH3OOH because the photochemical decay of CH3OOH cycles to create H202 [Cohan et al., 1999] . The ratio of the peroxides H202/ CH3OOH also can identify convectively influenced parcels. 
Summary and Conclusions
Chemical data gathered by NASA's DC-8 aircraft have been used with I10-day backward trajectories to investigate atmospheric chemistry over the tropical Pacific Basin during NASA's second Pacific Exploratory Mission in the Tropics (February-April 1999). Backward trajectories were calculated from locations along the 18 DC-8 flight tracks where chemical measurements were taken. Trajectories were subjected to three tests to determine whether they could be used with confidence to determine the origins and paths of parcels. Temporal changes in potential temperature were used to locate trajectories that experienced a significant convective influence during the 10-day period. The trajectories not experiencing significant convection were placed into five major categories based on their origins. The trajectories that did experience significant convection were not subdivided into geographical The remaining trajectories of the Long-Range NH category originated from a variety of locations, but mostly near the Bay of Bengal and Southeast Asia. Their origins and paths were similar to those of the Aged Marine NH subcategory that arrived from the west; however, the Long-Range trajectories generally traveled at higher altitudes. Thus trajectories of the Long-Range category required -7 days to reach the coast of Asia, while the Aged Marine NH group required -12 days. Chemical characteristics of these two groups also were similar, suggesting that both experienced similar processes en route to the DC-8. The dominant mechanism appears to be convective transport of surface based pollution followed by long-range The DC-8 sampled air that had passed over Central America and the northern portion of South America. Parcels in this category exhibited a strong pollution signature, with greatly enhanced values of carbon and nitrogen species. These areas contain various industrial sources of pollution, and there was extensive biomass burning and lightning in the area. The trajectory data indicated that the air was 1-5 days removed from its emission sources. These results suggest that transport from Central America and northern South America was an important mechanism for polluting the eastern Pacific.
Our final category consisted of trajectories which experienced a large change in potential temperature. This large diabatic effect corresponded to the time and location of satelliteobserved deep convection, mostly near the ITCZ or SPCZ and away from large landmasses. The parcels were influenced by this convection an average of 3 days prior to arriving at the DC-8. The trajectories originated in the lower troposphere, but ascended quickly while influenced by the convection, arriving at the DC-8 in the upper troposphere. Values of carbon species in the convectively influenced category generally were similar to those of the Aged Marine SH category. However, the Convective category exhibited enhanced values of nitrogen species, probably due to emissions from lightning associated with the convection. Values of various species, including peroxides and acids, confirmed that parcels in the category were influenced by the removal of soluble gas and particle species due to precipitation.
Current results were compared with those from the first PEM-Tropics experiment, conducted during August-October 1996. The PEM-T-A period was found to exhibit a much stronger pollution signature than PEM-T-B. PEM-T-A occurred during the southern tropical dry season when there was widespread biomass burning over southern Africa and portions of South America. Conversely, PEM-T-B was conducted during the southern tropical wet season when relatively little biomass burning occurred. Flow patterns during the two periods also exhibited important contrasts. For example, major circulation features were located differently, and the southern hemispheric middle-latitude jet stream was much stronger during PEM-T-A than during PEM-T-B.
In conclusion, current results show that merging trajectory and chemical data is a valuable tool for interpreting the complex chemical signatures that were observed during PEM-T-B. Categorizing the chemical measurements according to their source region also is valuable; however, these categories must be carefully defined so that multiple sources are not combined together.
